Abstract: Major depressive disorder (MDD) is a leading cause of disability worldwide. Current first line therapies target modulation of the monoamine system. A large variety of agents are currently available that effectively alter monoamine levels; however, approximately one third of MDD patients remain treatment refractory after adequate trials of multiple monoamine based therapies. Therefore, patients with treatment-resistant depression (TRD) may require modulation of pathways outside of the classic monoamine system. The purpose of this review was thus to discuss novel targets for TRD, to describe their potential mechanisms of action, the available clinical evidence for these targets, the limitations of available evidence as well as future research directions. Several alternate pathways involved in the patho-etiology of TRD have been uncovered including the following: inflammatory pathways, the oxidative stress pathway, the hypothalamic-pituitary-adrenal (HPA) axis, the metabolic and bioenergetics system, neurotrophic pathways, the glutamate system, the opioid system and the cholinergic system. For each of these systems, several targets have been assessed in preclinical and clinical models. Preclinical models strongly implicate these pathways in the patho-etiology of MDD. Clinical trials for TRD have been conducted for several novel targets; however, most of the trials discussed are small and several are uncontrolled. Therefore, further clinical trials are required to assess the true efficacy of these targets for TRD. As well, several promising novel agents have been clinically tested in MDD populations, but have yet to be assessed specifically for TRD. Thus, their applicability to TRD remains unknown.
INTRODUCTION
Major depressive disorder (MDD) is a leading cause of disability worldwide with significant impact on patient's function and quality of life [1, 2] . Current first line treatments are only effective for approximately one third of MDD patients, as measured by remission, indicated by a score ≤ 7 on the 17-item Hamilton depression rating scale (HDRS) [3] . Furthermore, after multiple antidepressant trials, approximately one-third of patients still remain treatment refractory with significant functional impairments [3] .
Treatment-resistant depression (TRD) is thus a topic of high relevance as it greatly affects a sizeable proportion of MDD patients. While several definitions of TRD have been proposed, for the purpose of this review, TRD will be used to broadly refer to an inadequate response to a single adequate trial of a first-line antidepressant. Of note, a lack of a unified definition for TRD limits the progress of the field.
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Several evidence-based approaches have been proposed for the treatment of TRD using conventional psychotropic medications (selective serotonin reuptake inhibitors (SSRIs), selective serotonin norepinephrine reuptake inhibitors (SNRIs), second generation antipsychotics (SGAs), monoamine oxidase inhibitors (MAOIs), tricyclic anti-depressants (TCA), etc.) and are reviewed elsewhere [4, 5] . The primary pathway targeted by all currently available agents is the monoamine pathway. The monoamine pathway has been the center of psychopharmacology for the past five decades and has been targeted from numerous angles with numerous agents, being fully exhausted of its pharmacologic potential [6] . After the advent of dozens of agents targeting the same pathway used in a variety of combinations and dosages, TRD remains a public health problem [3, 7, 8] . Therefore, the impetus for discovering genuinely novel agents acting outside of the monoamine pathways is compelling.
of current interest. Investigation of these pathways is yielding numerous, new promising neurotherapeutic targets for TRD. Novel pathways of particular interest are the following: the inflammatory pathways, the oxidative and nitrosative stress (O&NS) pathways, the hypothalamicpituitary-adrenal (HPA) axis, neurotrophic signaling pathways, the metabolic and bioenergetics system, the glutamate system, the opioid system and the cholinergic systems [5, [9] [10] [11] [12] [13] [14] .
Numerous current conventional antidepressants have been noted to have some effects on these systems [15] [16] [17] ; however, of more interest has been new agents currently being investigated for the treatment of TRD that primarily target one or more of these novel pathways instead of primarily the monoamine pathway. The purpose of this paper is therefore to review novel targets for TRD (i.e. drugs that act outside the classic monoamine system), to describe their proposed mechanisms of action, the available clinical evidence for these targets, the limitations of available evidence and the future direction of investigations. Therefore, the evaluation of novel psychotherapies, electroconvulsive therapy (ECT), deep brain stimulation (DBS) and repetitive transcranial magnetic stimulations (rTMS) for the management of TRD are out of the scope of this review. Also of note, the novel manipulation of the melatoninergic system in TRD is not discussed, as melatonin is a classic monoamine and thus also falls out of the scope of this review. The interested reader is directed to some recent reviews on this specific topic [18, 19] .
METHODS
For this narrative review, the MEDLINE/PubMed, EMBASE, Google Scholar and ClinicalTrials.gov databases were searched from inception through August 2014 for published randomized-controlled trials, open label trials, meta-analyses and systematic reviews for novel targets of TRD. Searches included various combinations of the following terms: treatment resistant depression (TRD), novel targets, infliximab, cytokines, interleukin (IL), IL-1β, IL-6, tumor necrosis factor alpha (TNF-alpha), anti-TNF-alpha, pioglitazone, creatine, non-steroidal anti-inflammatory drugs (NSAIDs), celecoxib, acetylsalicylic acid (ASA), omega-3 polyunsaturated fatty acid (O3PUFA), curcumin, glutamate, opioid, opiate, MDD, ketamine, riluzole, oxidative stress, reactive oxygen species (ROS), cholinergic, HPA axis, cortisol, metabolic syndrome, diabetes, CP-101, AZD6765, D-cycloserine, EVT 101, GLYX-13, scopolamine, mecamylamine, LY2456302, buprenorphine, oxytocin, tibolone, cysteamine, one-carbon cycle, L-methylfolate, Sandenosylmethionine (SAMe) and novel treatments. Reference lists from included papers were also manually searched for additional pertinent references. Ongoing clinical trials for TRD were also searched for on ClinicalTrials.gov and Google Scholar databases.
RESULTS

Novel Pathways and Targets
Several pathways are described in the literature as having potential, novel targets for the management of TRD. Preclinical and clinical data in support of these pathways have been reported and further investigation is currently underway for several of these targets. The evidence for each of these pathways and corresponding targets will be discussed in turn.
Inflammatory System
Julius Wagner-Jauregg, one of the only psychiatrist who won a Nobel Prize (1927) , was the first to describe a potential link between inflammation and mood disorders in 1887 with his observation of the psychiatric manifestations of fever [20] . His theory was abandoned, however, with the advent of tricyclic anti-depressants, monoamine oxidase inhibitors and selective serotonin reuptake inhibitors [6] . In recent years his theory has been revisited as the link between inflammation and MDD has become more apparent [9] .
The increased co-prevalence of inflammatory comorbidities, including auto-immune diseases, cardiovascular diseases, diabetes, obesity and metabolic syndrome, asthma and allergies with MDD is one epidemiologic observation that prompted further investigation [21, 22] . Indeed, epidemiologic studies have repeatedly shown this phenomenon, alerting investigators to a potential link [9] . In further support of a connection, levels of inflammatory cytokines (TNF-alpha, IL-1B, IL-6) have repeatedly been correlated with mood symptoms [23, 24] . Moreover, the induction of an inflammatory state in pre-clinical and clinical models has repeatedly demonstrated mood symptoms, namely, poor mood, poor cognition, poor sleep and anhedonia [9, 21, [24] [25] [26] [27] [28] . Interestingly, elevated levels of inflammatory cytokines has also been shown to be predictive of TRD indicating that inflammation may induce a separate mood pathway unaffected by monoamine modulation [29] .
Several mechanisms have been proposed linking inflammation with MDD (summarized in Fig. 1) . The most supported theories include the effect of inflammatory cytokines on the following elements: (1) central tryptophan and serotonin levels, (2) microglial function, (3) the HPA axis, (4) neuroplasticity and (5) glutamate receptor activation.
Starting with the familiar monoamine system, increased levels of inflammatory cytokines increase the activation of indolamine 2,3-dioxygenase (IDO) which increases the conversion of tryptophan to kynurenine and consequently decrease the production of serotonin leading to decreased central serotonin levels and increased production of tryptophan catabolites (TRYCATs) known to have depressogenic and anxiogenic properties [30, 31] . Therefore, inflammation has a direct effect on central serotonin levels, providing one direct link to mood symptoms from cytokine production.
Microglial over-activation has also been identified as a potential culprit mediating mood symptoms during elevated levels of inflammatory cytokines. More specifically, TNF-α and IL-1β are potent activators of microglia as part of the innate immune system [32] . The over-activation of microglia may lead to over-pruning of neural circuits, decreased neuroplasticity and ultimately decreased function of the neuronal circuits leading to impaired cognition and emotional regulation on a functional level [9, [32] [33] [34] [35] [36] [37] . Further, microglial activation impairs glutamate metabolism leading to alteration of glutamate levels and glutamate receptor activation, a common feature of TRD [12, 13, 38] .
Inflammatory cytokines also stimulate activation of the HPA axis and prevent inhibitory negative feedback loops, thus leading to hypercortisolemia. An elevated level of cortisol (endogenous or exogenous) has been repeatedly shown to induce mood symptoms and is thus another clear potential link between inflammation and MDD [39] . Further, HPA axis activation leads to increased activity of tryptophan 2,3-dioxygenase (TDO) which also degrades tryptophan leading to elevated levels of TRYCATs and decreased production of serotonin [40] . As well, hypercortisolemia may lead to metabolic dysfunction, insulin resistance and glutamate modulation, which are all potent causes of neuronal dysfunction and impaired neuroplasticity [40] .
Targets of interest in the inflammatory pathway include, but are not limited to TNF-alpha antagonists, non-steroidal anti-inflammatory drugs (NSAIDs), natural antiinflammatory agents (omega-3 polyunsaturated fatty acids (O3PUFA) and curcumin) and tetracycline antibiotics (minocycline and doxycycline). Of these agents, TNF-α antagonists (infliximab) have been evaluated for treatment of TRD. Activated macrophages are chiefly responsible for the production TNF-α leading to a systemic inflammatory response and activation of other immune cells including microglia centrally [33] . Currently, TNF-α antagonists are (1) Inflammation increases levels of prostaglandins leading to increased cytokine levels and microglial activation leading to ROS and RNS formation which leads to neurotoxicity, decreased neuroplascticity, decreased BDNF levels and glutamate modulation. Cytokine production also leads to IDO activation, which in turn converts tryptophan to its catabolites and decreases serotonin (5-HT) levels. HPA axis activation also activates TDO, which has the same enzymatic effect of IDO. NSAIDS and O3PUFA can prevent the production of PGE2 thereby inhibiting this inflammatory-mood pathway. Similarly, infliximab can stop the pathway at the level of TNF-alpha. Minocycline can also prevent inflammation and oxidative stress. NAC can prevent oxidative stress and thus prevent the complications of ROS and RNS production. Metyrapone can prevent the production of cortisol thereby preventing TDO activation and decreasing the risk of insulin resistance. (2) Metabolic dysfunction can lead to insulin resistance and thus decreased transport of insulin across the blood brain barrier leading to decreased central levels of insulin and decreased neuronal trophic effects of insulin. GLP-1 or DPP-IV inhibitors or other insulin sensitizers such a TZDs (ex. Pioglitazone) can prevent this effect, thereby increasing the trophic effects of insulin and increasing the levels of intracellular glucose via insulin dependent uptake of glucose at Glut4 transporters. Intranasal insulin can also have this direct effect. (3) Glutamate is produced in the pre-synaptic neuron and reuptake occurs in the surrounding glia cell which converts glutamate to glutamine by glutamine synthetase and transports glutamine back to the pre-synaptic neuron where it is converted back to glutamate via the action of glutaminase. Increased synaptic glutamate levels and inhibition of NMDA by ketamine can lead to increased influx of sodium via AMPA and calcium via voltage gated calcium channels (VG CC) leading to PI3K and MAPK/ERK activation which activates mTOR, thus inhibiting 4E-BP, preventing the inhibition of BDNF production and ultimately leading to increase neuroplasticity and neurogenesis. AMPA may be directly activated by Org 26576 having a similar effect.
being used clinically in autoimmune disorders to prevent a systemic inflammatory response. The reduction in microglia activation with TNF-α antagonists use may be particular relevant for TRD [33] . A proof-of-concept randomized controlled trial (RCT) tested the efficacy of intravenous (IV) infliximab (5 mg/Kg) or placebo administered at baseline and at weeks 2, 4 and 6 of a 12-week trial in a sample of 60 patients with TRD. The trial showed no difference between groups in the primary outcome (17-item HDRS); however, when patients were stratified based on the levels of their inflammatory state (based on [hsCRP]>5mg/L), a significant anti-depressant effect was shown as 62% of TRD patients obtained >50% reduction in the HDRS scores versus only 33% in the placebo group [41] . While these results are promising that infliximab may be effective for a subset of TRD patients, namely, patients with increased inflammatory biomarkers, clearly additional trials are required to confirm or refute this effect. As well, the side effect profile may be a limiting factor as infliximab increases the risk of infection due to its potent anti-inflammatory effect [42] .
Also of interest have been NSAIDs, specifically acetylsalicylic acid (ASA) and celecoxib. Acetyl-Salicylic Acid irreversibly inhibits cyclooxygenase-1 and -2 (COX-1 and COX-2) thereby decreasing prostaglandin and thromboxane levels and thus decreasing TNF-α and IL-6 [43] . recently extensively reviewed the potential role of ASA in the treatment of mental illness discussing studies from 1996-2012 showing the great potential in the treatment of MDD as an adjunct to conventional therapy [44] . Similarly, celecoxib a selective COX-2 inhibitor has been studied as an adjunctive therapy to conventional antidepressant therapy. Indeed, several clinical and preclinical studies and two meta-analyses have shown the addition of celecoxib to anti-depressants to increase therapeutic efficacy and lower serum IL-6 and IL-1β levels [45] [46] [47] [48] [49] . While both agents show promise for MDD, neither has been assessed for TRD. Also of note, significant potential side effects including renal impairment and peptic ulcer disease may be a limiting factors for a broader application of NSAIDs in MDD [50] .
A significant interest in natural anti-inflammatory agents for TRD has grown as well. Omega-3 polyunsaturated fatty acids are dietary fatty acids that cannot be endogenously produced by humans [51] . It exhibits an anti-inflammatory effect by competing with arachadonic acid (AA) for COX enzymes thereby decreasing prostaglandin E2 (PGE2) levels and thus decreasing pro-inflammatory cytokine production [52] . Omega-3 polyunsaturated fatty acids with >60% EPA content has shown the greatest promise with several trials and meta-analyses showing a significant antidepressant effect of O3PUFA as an adjunct to SSRI therapy in the treatment of MDD [9, [53] [54] [55] . Curcumin, an Asian spice known to have potent anti-inflammatory and antioxidant effects has also shown promise in preclinical studies; however randomized controlled trials (RCTs) of curcumin in MDD have provided conflicting results thus far [56] [57] [58] [59] . Currently no trials have been conducted to evaluate curcumin or O3-PUFA in TRD samples; therefore, their application to this population is still unknown. These agents are particularly attractive due to their benign tolerability and safety profiles.
Tetracycline antibiotics, doxycycline and minocycline, also have potent anti-inflammatory effects and are currently being evaluated for the treatment of MDD. Preclinical data for minocycline indicated that it could exert antidepressant effects through its anti-inflammatory, antioxidant, antiglutamatergic and neuroprotective effects [10, 60, 61] . Clinical trials are currently underway to investigate minocycline use as an adjunctive therapy for MDD (NCT01574742) and bipolar depression (NCT01429272, NCT01514422, NCT01403662) [10, 60, 61] . Doxycycline has also now shown promise as recent pre-clinical data shows amelioration of depressive-like behavioural manifestationsin inflammatory mouse models [62] . Currently no clinical trials for tetracycline antibiotics for TRD have been reported; however, on their preclinical effects, these pleiotropic agents may represent a target for TRD.
Taken together, several of the previously mentioned antiinflammatory agents (NSAIDS, tetracycline antibiotics, O3PUFA and curcumin) show promise in the treatment of MDD however have yet to be evaluated for TRD, with the exception of infliximab. Infliximab showed efficacy for the subpopulation of TRD patients with elevated inflammatory markers. Similar to infliximab, the other anti-inflammatory agents may have a role in TRD in the subpopulation with a heightened inflammatory state, however, further clinical trials are still required to determine what population is suitable and what effect could be expected.
Oxidative and Nitrosative Stress
Inexorably linked to inflammatory dysregulation is oxidative and nitrosative stress (O&NS). Both inflammation and O&NS are necessary and physiologic when appropriately regulated; however, an excess of inflammation and/or O&NS can be extremely problematic for cellular function [17, [63] [64] [65] . Reactive oxygen species (ROS) and reactive nitrogen species (RNS) are normally produced during cellular respiration and are counterbalanced by anti-oxidant defense pathways composed of endogenously produced anti-oxidant molecules, such as glutathione, glutathione peroxidase, catalase, superoxide dismutase (SOD), melatonin and coenzyme Q10 [66] [67] [68] .
In normal cellular respiration, glucose is used to produce chemical energy in the form of adenosine triphosphate (ATP). Initially, glucose undergoes glycolysis to produce a minimal amount of ATP through anaerobic respiration. The end product of glycolysis, pyruvate, subsequently is used in aerobic respiration to produce 90-95% of total ATPvia the tricarboxylic acid (TCA) cycle and subsequent oxidative phosphorylation via the electron transport chain (ETC) in the mitochondria [69] . In the mitochondria, electrons are transported via a series of redox reactions with the final product of reduced oxygen. Reduced oxygen is chemically unstable and usually reacts with hydrogen ions to form H 2 O (further review of aerobic respiration by Rich [70] ). However, at times, the ROS may react with other molecules such as lipids, proteins or genetic material (for example, mitochondrial or nuclear DNA) causing damage to these macromolecules and potentially leading to mitochondrial and cellular dysfunction [17] . Increased cellular energy demands leads to increased utilization of the ETC and consequently increases the amount of ROS produced [17] . The brain is particularly vulnerable to high levels of oxidative stress as it consumes 20% of the body's available oxygen and 25% of its glucose, while only accounting for 2% of the body's weight [71] . The high level of consumption relates to the high-energy demands of maintaining neuronal ion gradients, producing action potentials and neurotransmitter transport, release and uptake [65, 72, 73] . Of note, inflammatory states and increased excitatory activity increases energy demands and subsequently increases production of ROS [65] . Further, in several disease processes, such as autoimmune as well as metabolic diseases, either there is an increase in the generation of ROS, which cannot be balanced by the antioxidant reserve, or there is a decrease in anti-oxidant reserve leading to oxidative stress [65, 72, 73] .
Nitric oxide (NO) is produced from L-arginine by a variety of nitric oxide synthase (NOS) isozymes [74] . Of note, neuronal NOS (nNOS) is expressed in response to increase intracellular calcium as seen in a neuronal excitatory state [72] , while inducible NOS (iNOS) is induced by pro-inflammatory cytokines [65] . After NO is formed, it may react with superoxide to form peroxynitrite, which is a highly reactive RNS. At physiologic levels, however, SOD competes with NO for superoxide, thus limiting the production of peroxynitrite [75] . When SOD levels are decreased or NO levels are greatly increased (as seen with increase neuronal excitation or inflammation), peroxynitrite levels rise [75] . Therefore, increased neuronal excitation and inflammation lead to increased production NO and peroxynitrite, which reacts with and damages lipids, proteins and DNA/RNA leading to mitochondrial and cellular dysfunction [65, 72, 75] .
In sum, the O&NS can be damaging at a gene, protein, lipid, cell and ultimately systems level [66, 72, 76] . Centrally, increased O&NS has been shown to cause neurotoxicity and impair neuroplasticity and neurogenesis [63, 73] . Not surprisingly, increased levels of O&NS has been linked to several psychiatric disorders, including MDD, as shown in a recent meta-analysis [66, 76] . Therefore, the use of anti-oxidants may present another novel therapeutic target separate from the monoamine pathway.
One particularly promising antioxidant target is Nacetylcysteine (NAC). N-acetylcysteine is a glutathione precursor that has multiple potential antidepressant effect through its pleiotropic actions, including decreasing inflammatory cytokines, modulating glutamate, promoting neurogenesis, and decreasing cellular apoptosis [77] . Nacetylcysteine has been shown to have anti-oxidant effects in the anterior cingulate cortex in a multicenter RCT of MDD participants treated with adjunctive NAC. Using spectroscopy, higher glutamate-glutamine (Glx) and Nacetyl-aspartate (NAA) levels were shown in patients treated with NAC, indicative of an anti-oxidant effect [78] .
Further, in a recent large RCT (n=252), MDD patients were randomized to conventional therapy with placebo versus conventional therapy with NAC for 12 weeks. At the 12-week endpoint, there was no statistically significant difference in symptoms, however, by week 16, NAC was shown to be superior. The endpoint of the study was 12 weeks, thus making it a negative trial, however, the delayed effect may suggest a latency of effect or potential preventative mechanism of further damage [79] . Further studies are required to assess NAC in the TRD population on a more long-term basis.
As previously discussed, minocycline is currently being investigated as novel target of TRD through its antiinflammatory effects [10] . Minocycline has also been shown to have potent anti-oxidant effects through decreasing free radical generation, decreasing ROS and RNS levels, decreasing lipid peroxidation, increasing catalase activity and through direct scavenging of free radicals [10] . Therefore, minocycline could have anti-depressant effects through its anti-oxidant properties as well.
Hypothalamic Pituitary Adrenal Axis
The HPA axis serves as an essential control system for numerous physiologic processes. Numerous feedback loops are in place to regulate the levels of adrenal hormones as an excess or a shortfall may have profound effects such as seen in Cushing's syndrome and Addison's disease, respectively [80] . Dysregulation of the HPA axis and failure of negative feedback loops has been noted in TRD [40, 81] . Of particular interest have been the mood effects of hypercortisolemia, one of the end products of the HPA axis [81] . Elevated levels of cortisol may be caused iatrogenicaly (through exogenous administration of steroids) or endogenously through overactivation of the HPA axis without appropriate inhibitory feedback. As previously discussed, inflammation is one cause of a blunted negative feedback loop of the HPA axis. Regardless of having an endogenous or exogenous source, cortisol has been shown to have potent negative effects on mood [82] . Several mechanisms may be at play including the increased activity of TDO leading to decreased serotonin and increased levels of TRYCATs as shown in Fig. 1 . Recently, potent effects on the glutamate system have also been noted which might facilitate some of the deleterious mood effects observed [83] . Therefore, preventing hypercortisolemia may serve as another novel target. Of particular interest has been metyrapone, a cortisol synthesis inhibitor (inhibitor of 11-β hydroxylase, the enzyme that catalyses the conversion of 11-deoxycortisol to cortisol) [39] . Several open label trials showed a positive effect of metyrapone on TRD as reviewed by Sigalas et al. [39] . Further, in a RCT with sixty-three inpatients with severe MDD, augmentation of nefazodone or fluvoxamine for three weeks with placebo versus 1 g of metyrapone once daily was assessed. The metyrapone group showed a significantly greater improvement compared with the placebo group (effect size of 0.6) using response (a decrease in HDRS score by 50%, 5 weeks post initiation of treatment) as the outcome measure [84] . One additional RCT have been completed, however results have yet to be published (NCT01375920).
Oxytocin has also been shown to be a potent suppressor of the HPA axis [85] . Intranasal oxytocin is therefore currently being investigated in a RCT for TRD (NCT01239888). Of note, a previous trial showed that oxytocin and cortisol levels were unaffected by SSRI therapy (NCT00168493) [86] .
Also of interest have been anti-inflammatory agents (previously discussed) as inflammation is a potent activator of the HPA axis, therefore, decreasing inflammation serves to also decrease HPA activation and thus would lower cortisol levels [9] . Of note, this interaction may seem paradoxical as cortisol has potent anti-inflammatory effects. Therefore, one may hypothesize that the deleterious mood effects of cortisol may outweigh the potential positive mood effects that may occur through cortisol's anti-inflammatory effects [35, 87] .
Repurposing of Anti-diabetic Agents
Epidemiologic data has unequivocally shown a correlation between MDD and metabolic dysfunction [88] . In particular, diabetes, obesity and metabolic syndrome have been shown to have a bidirectional relationship with mood disorders [89] [90] [91] . Mechanistically, metabolic dysfunction has several pathways by which brain function may be impaired in the realms of mood and cognition. Pre-clinical models have shown that insulin resistance may decrease the transport of insulin across the blood brain barrier leading to decreased central insulin levels [90] [91] [92] [93] . Insulin serves as a potent growth factor in the brain, increasing levels of brain derived neurotrophic factor (BDNF) and vascular endothelial growth factor (VEGF), notably having trophic effects on the amygdala, hippocampus, and prefrontal cortex, areas essential to the regulation of emotion and cognition [91] . Therefore, insulin resistance may lead to decreased central insulin levels leading to impaired neuroplasiticy, atrophy, and impaired function of these key brain regions. As well, glucose uptake is partly insulin dependent in the hippocampus, amygdala and cerebral cortex via the Glut4 insulin dependent glucose transporter [91] . Therefore, decreased central insulin levels may lead to decreased intracellular glucose levels in these brain areas as shown in Fig. 1 . The decrease in energy supply may also lead to decreased long-term potentiation, decreased neural plasticity and ultimately decreased neural function leading to deficits in emotional as well as cognitive functions [91] .
Taken together, poor neuronal function secondary to insulin resistance may serve as a potential cause of TRD as this pathway is minimally affected by monoamine based therapies. This hypothesis has led to the repurposing of antidiabetic medications for treatment of MDD. Of particular interest has been the use of incretins, insulin sensitizers and insulin [94] . Currently no clinical trials have been conducted using anti-diabetic medications for the treatment of TRD, however, clinical trials showing the effective use of these medications as an adjunct to conventional anti-depressant therapies for MDD provide the impetus for evaluation of their use in TRD, especially in the large subpopulation of TRD patients with comorbid metabolic dysfunction. Particularly promising agents include intranasal insulin, glucagon like peptide-1 (GLP-1) analogs and pioglitazone.
Intravenous insulin has been shown to increase hippocampal neural activity and improve mood and cognition in preclinical and clinical models [95, 96] . Recently interest has shifted to intranasal insulin as it allows for the direct increase of central insulin levels without altering systemic glucose or insulin levels [97, 98] . This increase in central insulin levels may potentially improve neuronal function and thus cognition and mood through the previously described central mechanism of insulin as a growth factor and glucose uptake facilitator. Moreover, intranasal insulin has been shown to improve mood and cognition reproducibly in healthy, obese and Alzheimer's disease patients [99] . Currently a double-blind, placebo controlled RCT assessing the affect of intranasal insulin on MDD symptoms is currently underway (NCT00570050).
Glucagon like peptide-1 is an incretin that serves to delay gastric emptying and improves insulin sensitivity. This increase in insulin sensitivity may also serve to improve cognition and mood through the previously described mechanisms. Preclinical models have shown improvement in cognition and decreased depressive-like behaviours with administration of stable GLP-1 analogues [11] . Glucagon like peptide-1 as a potential target for MDD and TRD was recently reviewed by McIntyre et al. [11] . Another potential target in the same system are gliptins (for example, sitagliptin and saxigliptin), which inhibit dipeptidyl peptidase-4 (DPP-4), an enzyme that degrades GLP-1.
Pioglitazone is a thiazolidinedione (TZD) drug used primarily in the diabetic population as an insulin sensitizer. The primary mechanism of action is through stimulation of peroxisome proliferator-activated receptor gamma (PPARγ). Stimulation of PPARγ has anti-inflammatory, anti-oxidant and neuroprotective effects [100] . Pre-clinical studies also suggest modulation of N-Methyl-D-asparate receptors (NMDARs) by pioglitazone [101] .
Gold et al. discuss the multiple neuroprotective effects of PPARγ stimulation as mediated through modulation of the parainflammatory and endoplasmic reticulum (ER) stress responses [102] . Parainflammation is an inflammatory response to 'new' stimuli of the modern era that have not been seen earlier in evolution and therefore appropriate responses have yet to be selected for [103, 104] . Examples of such stimuli include exposure to novel foodstuffs and chemicals, alteration in light-dark exposure patterns, obesity, type 2 diabetes, sedentary lifestyle, atherosclerosis, aging and emotional stress (i.e. stressors that were not present for our evolutionary predecessors) [103, 104] . These stimuli prompt the attempt to restore homeostasis, which leads to chronic activation of acute stress pathways including the activation of the innate immune system and subsequent release of inflammatory cytokines discussed previously (i.e. TNF-α, IL-1β, IL-6) [103] . The PPARγ system when activated prevents the perpetuation of the parainflammatory response and is thus neuroprotective against the deleterious effects of a prolonged inflammatory response [102] .
Endoplasmic reticulum stress presents when there is increased demand on the ER to produce more proteins [103, 104] . This increased demand may be secondary to an inflammatory response or an increase in neuronal stimulation through the glutamate system [101, 104] . The increased demand of the ER leads to a stress response that either leads to appropriate up-regulation of chaperon proteins to allow for increased capacity to adequately fold increased levels of protein or may lead to release of calcium from the ER (the major storage organelle for calcium intracellular) leading to an apoptotic pathway and ultimately neurodegeneration [102] . Stimulation of the PPARγ system may facilitate an appropriate ER stress response and prevent calcium release and apoptosis [102] .
Clinical data in support of pioglitazone's use for MDD has also been accumulating. In a 12-week, open-label, flexibledose study, 23 patients with MDD received pioglitazone monotherapy or adjunctive therapy initiated at 15 mg daily. Pioglitazone decreased depression symptom severity from a total Inventory of Depressive Symptomatology (IDS) score of 40.3±1.8 to 19.2±1.8 at Week 12 (p<.001) and a significant reduction in inflammation as measured by log highly-sensitive C-reactive protein (-0.87±0.72; p<.001). Also of note, the majority of participants (74%, n=17) had already failed at least one antidepressant trial [105] . These results were replicated in a double-blind, placebo controlled RCT with 40 patients with MDD randomized to citalopram plus pioglitazone (15 mg every 12 h) or citalopram plus placebo for 6 weeks. Pioglitazone showed superiority over placebo during the course of the trial [106] . These results were also replicated in a six-week double-blinded RCT with 50 patients with comorbid polycystic ovarian syndrome (PCOS) and MDD [107] . It is important to note though that the mechanisms of action may be multifactorial. As shown by Kashani et al. [107] , the anti-depressant effect of pioglitazone was greater than metformin even though metformin is a more potent insulin sensitizer. Pioglitazone may also be having anti-depressant effects through its antiinflammatory, anti-oxidant and neuroprotective properties. While there has yet to be a trial specific for TRD, there has been one case report for TRD treated effectively with pioglitazone [108] .
Taken together, the metabolic-brain axis may serve as another novel pathway for the management of TRD. Currently, no clinical trials have been conducted to evaluate these targets specifically for TRD, however, results from clinical trials evaluating these targets for MDD show promise and merit investigation of their efficacy for TRD, specifically in patients with insulin resistance. These pathways would be of particular interest in TRD as the metabolic-brain axis is largely unaffected by monoamine agents. Therefore, insulin sensitivity and metabolic dysfunction could represent a subgroup of TRD patients that monoamine therapy would be particularly not useful for. Indeed, epidemiologic data suggests that metabolic dysfunction is a major risk factor of TRD in further support of this hypothesis [88] . Limitations of use of these targets largely relates to selecting the subpopulation of TRD patients that may benefit (i.e. TRD patient with perfect metabolic function and insulin sensitivity might not benefit from insulin based therapies). Of note, these targets are usually extremely well tolerated with mild side effect profiles well studied in the diabetic population of patients.
Mitochondrial Modulators
Also of interest have been alterations in intracellular bioenergetics as a pathogenic mechanism of MDD [65, 72, 73] . Central to intracellular bioenergetics is mitochondrial function. Mitochondrial dysfunction has been repeatedly linked to MDD and other psychiatric disorders [65, 72, 73, 109] . As previously discussed, mitochondria are responsible for the majority (90-95%) of ATP production, thus controlling intracellular energy availability [69] . Mitochondria are also the major potential contributors of ROS, which may have extremely damaging effects, if not appropriately counterbalanced by intracellular anti-oxidants [72] . Mitochondria also modulate intracellular calcium stores and apoptotic pathways [63, 69, 72] . Taken together, neuronal mitochondrial dysfunction may impair ATP production, promote ROS formation, inappropriately increase intracellular calcium and induce neuronal apoptosis [17, 64, 65, 92] . Therefore, mitochondrial dysfunction may potently affect neuronal function and thus mitochondrial modulators may present more novel targets for MDD and TRD [65, 72, 73] .
As previously discussed, the use of anti-oxidants presents one important target of mitochondrial dysfunction that is modifiable in the pathogenesis of TRD. Also of interest has been increasing intracellular energy stores to buffer potential mitochondrial dysfunction leading to decreased ATP levels [110] [111] [112] . Of particular interest have been observed decreased levels of creatine monohydrate in MDD patients [110] [111] [112] . Further, supplementation of creatine leads to a shift in creatine kinase activity and thus increased phosphocreatine (PCr), a high-energy molecule, production and use as intracellular energy [110] . In theory, this increased availability of energy in brain cells may buffer potential mitochondrial dysfunctionthus allowing for improved neuroplasticity and neuronal function [110, 111] . Indeed, preclinical studies have shownmolecular and functional improvements with creatine supplementation leading to antidepressant-like and heightened motivation in animal models (reviewed by Allen et al. [110] ).
Furthermore, one adult and one adolescent open-label trial have shown improved mood in TRD patients with the addition of 3-5g of creatine to treatment regimens [113, 114] . Roitman et al. [113] showed in their small, preliminary, open label study of creatine monohydrate that significant improvement in seven out of the ten TRD patients enrolled significantly improved HDRS, HARS, and Clinical Global Impression scores, at weeks 1, 2, 3 and 4. Kodo et al. [114] studied five female adolescents TRD to fluoxetine using 4g of creatine in addition to fluoxetine and observed improved depression score and a significant increase in brain Phosphocreatine (PCr) concentration (p=0.02) on follow-up (31) P MRS brain scans. Clearly, for both of these studies the small sample size and lack of a placebo control group limit the interpretation of the data. Several randomized controlled trials using creatine supplementation for TRD are currently underway (NCT00729755, NCT01175616, NCT00313417, NCT00851006, NCT01601210 NCT02134808). Furthermore, the benign side effect profile of creatine supplementation is another appealing factor to allow wider investigation in TRD populations [110] .
The One-Carbon Cycle
The one-carbon cycle is a metabolic pathway that facilitates the methylation of intracellular molecules. The cycle is required in the synthesis of monoamine neurotransmitters including serotonin, dopamine and norepinephrine (reviewed by Papakostas et al. [115] ). Therefore, dysfunction of the one-carbon cycle has been investigated as another potential cause of MDD. Of particular interest in MDD has been Sadenosyl-methionine (SAMe) and L-methyl-folate, key naturally occurring compounds involved in the one carbon cycle [115, 116] . Indeed, decreased levels of folate and SAMe has been linked to MDD [115] [116] [117] . Further, supplementation of folate and SAMe has been shown repeatedly in RCTs to improve MDD symptoms [115] [116] [117] [118] [119] [120] . Mechanistically, supplementation of SAMe and folate provide donor methyl groups thus increasing the synthesis of monoamines (further reviewed by Papakostas [116] ).
S-adenosyl-methionine is natural supplement that has been available in Europe for decades and recently has become available in North America. As discussed, the main mechanism of action is believed to be through increased monoamine production [115] ; however, SAMe is also upstream of creatine production and thus may be partly exerting its anti-depressant effects on TRD patients through this bioenergetics pathway as reviewed by Papakostas et al. [115] . Several RCTs and meta-analyses have shown a positive effect of SAMe for MDD [115] . Recently, Papakostas et al. [119] studied 73 TRD patients in a sixweek, double-blind, RCT of adjunctive oral SAMe (target dose: 800 mg/twice daily). The HDRs response rate was significantly higher for participants treated with adjunctive SAMe (36.1% vs 17.6%) with a number needed to treat (NNT) of seven. The results are highly suggestive of SAMe having a positive effect for TRD, but more studies are certainly warranted. Similarly, L-methyl-folate has been shown to increase monoamine levels and improve MDD symptoms in several studies and has been extensively reviewed elsewhere [116, [121] [122] [123] [124] . Of note, several other mechanisms of action have been proposed for SAMe and Lmethyl-folate including modulation of oxidative stress as well anti-inflammatory effects [110, 122] .
Neurotrophin Signaling Pathways
Neurotrophins are a family of four signaling molecules (nerve growth factor (NGF), BDNF and neurotrophin-3 (NT-3) and neurotrophin-4 (NT-4)) shown to be vital for neurogenesis, neuroplasticity, dendrite formation and synaptogenesis throughout development and in adulthood [125] . A relative decrease in neurotrophins centrally and peripherally has been implicated in the pathoetiology of MDD [126] . Moreover, the decrease in neurotrophin levels in MDD has been implicated in the observed decrease in volume and synaptic connectivity of the prefrontal cortex (PFC), amygdala and hippocampus, areas notably involved in mood and cognition [127] . Mechanistically, this decrease in connectivity and volume may lead to less functional neuronal circuits and ultimately poorer emotional and cognitive function, as observed in MDD. Of note, the neurotrophic hypothesis of MDD has been extensively reviewed elsewhere [126] [127] [128] .
Of particular interest in relation to MDD have been BDNF levels. In fact, decreased levels of BDNF appear to be associated with MDD [126] [127] [128] . Further, many of the previously discussed pathways (inflammation, oxidative stress, metabolic-brain axis, glutamate system) appear to converge on the BDNF pathway, exerting their antidepressant effects via improved neurogenesis and neuroplasticity [126] [127] [128] . As well, several conventional anti-depressants have been shown to increase BDNF levels [126] [127] [128] . More recently, ketamine has been shown to potently increase BDNF levels and have a strong immediate anti-depressant effect in TRD patients (vida infra), further pointing to a key role of BDNF in the pathoetioogy of TRD [12] .
Also of interest has been erythropoietin (EPO), an endogenously produced glycoprotein hormone well known for its physiologic effect of increasing erythropoiesis. Erythropoietin is also produced in the brain [129] where is has potent neuroprotective effects mediated through signaling pathways increasing BDNF levels [130] . Centrally, EPO has also been shown to activate anti-apoptotic pathways, promote dendritic sprouting and neurogenesis and have antioxidant and anti-inflammatory effects in neurons, glial, and cerebrovascular endothelial cells [129, 130] . Of note, systemically administered EPO has been shown to cross the blood-brain barrier and exert the aforementioned downstream effects [129] [130] [131] . Therefore, systemic administration of EPO has been evaluated for its effect on TRD.
In a double-blind, placebo-controlled, parallel-group design, forty TRD patients were randomized to eight weekly EPO (Eprex ® ; 40 000 IU) or saline infusions [131] . Patients were assessed at baseline and at weeks 5, 9, and 14 for improvement in depressive symptoms and cognition. Hamilton depression rating scale scores and remission rates did notreveal beneficial effects of EPO over saline at week 9; however, EPO improved BDI and WHOQOL-BREF scores, and this effect was maintained at follow-up week 14. As well, EPO enhanced verbal recall and recognition, which was sustained at follow-up [131] . Although the trial had a negative primary outcome (no HRDS improvement compared to control), improvement in other depression scores and cognitive function provide an impetus for further investigating EPO's therapeutic effects in TRD in larger trials. Of note, the clinical relevance is low for improved depression scores without remission. The more notable effect of EPO is its potential role in improved cognition for TRD patients [131] .
The Glutamate System
Glutamate was recognized as a neurotransmitter in the early 1980s, much later than the monoamine neurotransmitters [12, 13] . Glutamate has now been recognized as the major excitatory neurotransmitter of the brain [38] . The regulation of the glutamate "tripartide" synapse involves presynaptic and post synaptic neurons and glia [14] . Multiple different receptors regulate glutamate levelsas well as the transmission of downstream effects. The following are key targets involved in determining glutamate levels and effects: excitatory amino acid transporters (EAATs), postsynaptic density proteins, (alpha-amino-3-hydroxy-5-methylisoxazole methylisoxazole-4-propionic acid) AMPA receptors, N-methyl-D-aspartate (NMDA) receptors, kainate (KA) receptors and cognate metabotropic glutamate (mGlu) receptors (as shown in Fig. 1 ) [12-15, 38, 83] . Further, modulations of all of these receptors havebeen implicated in preclinical models of mood disorders [12, 13] . Therefore, pharmaceutical modulation of these targets is currently being investigated for treatment of TRD.
Of particular interest has been modulation of inotropic glutamate receptors, specifically NMDA and AMPA. Current preclinical and clinical evidence suggests that decreased activation of NMDA and increased activation of AMPA receptors leads to a favorable mood outcomes [13] . In brief, increased AMPA stimulation relative to NMDA stimulation leads to an influx of calcium and sodium and a intracellular cascade ultimately leading to increased BDNF expression and release, thus facilitating improved neuroplasticity and neuronal function as shown in Fig. 1  [12-14, 38] . The mammalian target of rapamycin (mTOR) pathway has been implicated as a point of convergence of these intracellular pathways as mTOR has been shown to inhibit 4E-binding protein (4E-BP), which is known to inhibit BDNF production [132, 133] . Notably, mTOR has been shown to be down-regulated in MDD patients and when up-regulated is associated with antidepressant effects [132] . AMPA activation is associated with activation of the mTOR pathway [132] . Taken together, modulation of the glutamate inotropic receptors to increase AMPA stimulation and decrease NMDA stimulation may lead to downstream effects of increased BDNF, improved neuroplasticity and ultimately improved mood and cognition. Assessing targets with these mechanisms of action have shown great promise for the treatment of TRD [12-15, 38, 83] .
Ketamine is a voltage dependent NMDA antagonist currently used clinically as an anesthetic agent. Interest in ketamine for other purposes, including MDD, has greatly grown in the past decade [134] . In a recent meta-analysis [135] , seven RCTs using an IV infusion and one RCT using intranasal ketamine were assessed for ketamine's antidepressant effect for MDD and BD patients. Ketamine was associated with higher rates of clinical remission relative to comparator (saline or midazolam) at 24 hours (OR 7.06, NNT = 5), 3 days (OR 3.86, NNT = 6), and 7 days (OR 4.00, NNT = 6), as well as higher rates of clinical response at 24 hours (OR 9.10, NNT = 3), 3 days (OR 6.77, NNT = 3), and 7 days (OR 4.87, NNT = 4). Ketamine was associated with transient psychotomimetic effects; however, no persistent psychosis or affective switches were noted [135] . Therefore, ketamine presents as a potent, fast acting anti-depressant for BD and MDD, completely different from conventional antidepressants, which take days to weeks before observing an initial anti-depressant effect [133] .
Further, several clinical trials have also shown an effect of ketamine in the setting of TRD. Ina randomized, placebocontrolled, double-blinded crossover study, 18 TRD patients were given an IV infusion of either ketamine hydrochloride (0.5 mg/kg) or placebo on two test days, a week apart. Patients receiving ketamine showed significant improvement in depression ratings compared with subjects receiving placebo. The effect was noted within 110 minutes after injection and remained significant throughout the following week [136] . Similar results were observed in several other clinical trials [137] [138] [139] [140] and are summarized in Table 1 . Of note, two additional RCTs have shown an anti-suicidal effect of ketamine in the TRD population [141, 142] .
Several other trials of ketamine for TRD are currently underway as interest grows in NMDA modulation (NCT01920555,  NCT01304147,  NCT01179009,  NCT00768430, NCT01945047, NCT01627782, NCT01582945, NCT01613820). Of note, intranasal ketamine has also been developed and shown to be effective in the treatment of MDD in a double-blind RCT [143] . This easier route of administration may further increase the feasibility of treatment, especially in an outpatient setting. While numerous trials have been conducted using ketamine, the clinical applicability is currently extremely limited due to the short duration of effect.
Long-term side effects of ketamine are yet to be assessed. Concern over side effects observed in patients abusing ketamine has prompted concern and stigmatization to the treatment [134] . However, it is important to note that observational data in these substance abusers should not be directly applied as the dosage varies greatly and it is unclear if these patients are co-administering other substances of abuse, altering the perceived side-effect profile interpreted from this patient populations.
Several other NMDA modulators have also been assessed for TRD. Riluzole, a glutamate modulator approved by the FDA for the treatment of amyotrophic lateral sclerosis has been of great interest [144] . Riluzole blocks voltage-gated sodium channels, thereby blocking glutamate release and enhancing astrocytic uptake of glutamate [144] . In a small open-label trail with nineteen TRD patients, riluzole (100-200mg/day oral) was used as a monotherapy for six weeks after a one-week drug free period. Significant improvement occurred during weeks three through six for all patients [145] . Another small open-label trial used riluzole as an augmenting agent for six to twelve weeks for ten TRD patients and showed a significant decline in HDRS and HARS ratings. The effect of riluzole was significant at the end of the first week of treatment and persisted for the twelve-week duration of the study [146] . While both of these studies yielded promising results, larger sample sizes and placebo controls are still required. Currently, Sanacora et al. are conducting a double-blinded eight-week RCT of adjunctive riluzolefor TRD (NCT01204918).
CP-101,606, a NR2-subunit specific NMDA receptor antagonist is also of interest. In a double-blinded RCT (n=30) using IV CP-101,606 as an adjunct to paroxetine for four weeks for TRD, significant improvement was found as the HDRS response rate was 60% for CP-101,606 versus 20% for placebo. Seventy-eight percent of CP-101,606-treated responders maintained this response status for at least one week post-infusion [147] . AZD6765, a low-trapping NMDA channel blocker was shown in a double-blinded RCT with 22 TRD patients that a single infusion of either AZD6765 (150 mg) on two test days one week apart was associated with rapid but short-lived antidepressant effects as shown through lowering of depression scores [96] . This effect has yet to be replicated in other studies.
Clinical trials have also been completed for D-cyclosporine (NMDA partial agonist), EVT 101 (NR2B 
Infliximab (inflammation)
IV DB-RCT (n=60) Trial showed no difference between placebo and infliximab in the primary outcome (17-item HDRS); however, when patients were stratified based on the levels of their inflammatory state (based on [hsCRP]>5mg/L), a significant anti-depressant effect was shown as 62% of TRD patients obtained >50% reduction in HAM-D scores versus only 33% in the placebo group [41] .
PO OL (n=10) Trial showed significant improvement in depression scores at weeks 1, 2, 3 and 4 in seven out of the ten TRD patients [113] .
Creatine (bioenergetics)
PO OL (n=5) Kodo et al. studied five female adolescents with TRD using 4g of creatine in addition to fluoxetine (which they were already taking) and observed improved depression score and a significant increase in brain Phosphocreatine (PCr) concentration (p=0.02) on follow-up (31) P MRS brain scan [114] .
SAMe (bioenergetics)
PO DB-RCT (n=73) Trial showed significant improvement in depression scores after a 6-week trial of adjunctive oral SAMe (target dose: 800 mg/twice daily) with a NNT of seven [119] .
IV DB-RCT (n=18) Zarate et al. (2006) showed that patients receiving IV infusion of ketamine hydrochloride (0.5 mg/kg) on 2 test days, a week apart showed significant improvement in depression ratings compared with subjects receiving placebo within 110 minutes after injection, which remained significant throughout the following week [136] .
IV DB-RCT (n=73) TRD patients were randomly assigned to receive a single IV infusion of ketamine or midazolam in a 2:1 ratio. The primary outcome was change in depression severity 24 hours after drug administration, as assessed by the Montgomery-Asberg Depression Rating Scale (MADRS). After adjustment for baseline scores and site, the MADRS score was lower in the ketamine group than in the midazolam group by 7.95 points. The likelihood of response at 24 hours was greater with ketamine than with midazolam with response rates of 64% and 28%, respectively [137] .
Ketamine (glutamate/ NMDA)
IV OL (n=24) TRD patients underwent a washout of antidepressant medication followed by a series of up to six IV infusions of ketamine (.5 mg/kg) administered open-label three times weekly over a 12-day period. Participants meeting response criteria were monitored for relapse for up to 83 days from the last infusion. The overall response rate at study end was 70.8%. There was a large mean decrease in MARDS score at 2 hours after the first ketamine infusion (18.9 +/-6.6, p < .001), and this decrease was largely sustained for the duration of the infusion period. Response at study end was strongly predicted by response at 4 hours (94% sensitive, 71% specific) [139] .
PO OL (n=19) Riluzole (100-200mg/day oral) was used as a monotherapy for six weeks after a one-week drug free period. Significant improvement in depression scores occurred during weeks 3 through 6 for all patients [145] .
Riluzole (glutamate)
PO OL (n=10) Riluzole was used as an augmenting agent for 6-12 weeks showing significant improvement in depression scores at the end of the first week of treatment, which persisted for the 12-week duration of the study [146] .
EPO IV DB-RCT (n=40) TRD patients were randomized to eight weekly EPO (Eprex; 40 000 IU) or saline infusion. Patients were assessed at baseline and at weeks 5, 9, and 14 for improvement in depressive symptoms and cognition. Hamilton depression rating scores and remission rates showed no effects of EPO over saline at week 9; however, EPO improved the BDI and WHOQOL-BREF scores, and this was maintained at follow-up week 14. As well, EPO enhanced verbal recall and recognition, which was sustained at follow-up [131] .
CP-101,606 (glutamate)
IV DB-RCT (n=30) Intravenous CP-101,606 was usedas an adjunct to paroxetine versus paroxetine alone for four weeks. Significant improvement was found in depression scales with seventy-eight percent of CP-101,606-treated responders maintaining response status for at least 1 week after the infusion [147] .
AZD6765 (glutamate)
IV DB-RCT (n=22) A single infusion of AZD6765 (150 mg) on 2 test days 1 week apart was associated with rapid but short-lived improvement in depression scores versus infusion of placebo [173] .
Buprenorphine (opioid)
PO OL (n=10) Buprenorphinewas tolerated by 7/10 participants for whom significant improvement in depression scales was shown within the first week and persisted for the duration of the trial (four to six weeks) [161] . Inpatients with TRD received augmentation of nefazodone or fluvoxamine for 3 weeks with placebo versus 1 g of metyrapone once daily. The metyrapone group showed a significant improvement in depression scores compared with the placebo group [84] .
Biperiden (muscarinic)
PO OL (n=10) Trial showed significant improvement in depression scores for TRD inpatients given an average dose of 12mg biperiden per day for thirty days [164] .
IV DB-RCT (n=18) Sample included both bipolar and unipolar treatment refractory depression. Trial showed a rapid and robust improvement in depression scores with intravenous administration of scopolamine versus placebo [167] .
Scopolamine (muscarinic)
IV DB-RCT (n=23) This trial was a replication of the above trial except was exclusive for unipolar TRD. Trial showed a similar rapid and robust improvement in depression scores with intravenous administration of scopolamine versus placebo [168] Mecamylamine (nicotinic) PO DB-RCT (n=23) Trial used mecamylamine as an augmenter of SSRIs for treatment of TRD, significantly improving depression scores compared to SSRI therapy alone during an 8-week trail [171] Varenicline (nicotinic) PO OL (n=18) Adult smokers with TRD were givenvarenicline, another nicotinic antagonist, as an adjunct to conventional therapy, lowering depression scores and facilitate smoking cessation [170, 172] .
subtype-selective NMDA receptor antagonist) and GLYX-13 (NMDA receptor glycine-site functional partial agonist), however, no results are available from these trials at the present time (ongoing trials summarized in Table 2 ). Taken together, several agents modulating NMDA show promise in the treatment of TRD; however, further trials are required to evaluate the efficacy and safety of long-term use.
AMPA modulation has also shown some promise. Preclinical models have shown that the anti-depressant affect of NMDA antagonists may be through antagonism of NMDA receptors on GABAergic interneurons which reduce the inhibition of pyramidal cells leading to increased release of glutamate on non-NMDA receptors, notably AMPA receptors, in the prefrontal cortex [148] . Therefore, the role of direct and specific AMPA stimulation has been questioned as another potential target for TRD. One potential target is Org 26576 that acts by increasing glutamate stimulation of AMPA receptors. Currently, safety and tolerability is still being assessed and no trials have yet been conducted in the TRD population [149] .
Also of interest has been modulation of mGlu receptors. Metabotropic glutamate receptors are G-protein receptors located pre and post-synaptically. Of particular interest for TRD has been Group 1 mGlu receptors (mGluR1,5) as they are functionally coupled to NMDA receptors and preclinical data shows their antagonism inhibits depressive-like manifestations [15] . Several targets have emerged in preclinical models that bind to the various mGlu receptors, however, these results are yet to have been adequately translated into clinical trials [150] . Only one clinical trial targeting the mGlu system has been completed, to our knowledge, for the treatment of TRD with RO4917523, an mGluR5 allosteric antagonist (NCT01437657) and results are currently unavailable. The mechanism of action of these agents is currently unclear, however, preclinical models suggest that the final molecular effect may be similar to that of NMDA antagonists leading to mTOR activation and increased BDNF levels leading to neuro-protection and improved neuroplasticity [132, 150] . Therefore, targets of the mGlu receptors may also present novel opportunities in the treatment of TRD; however, due to a lack of clinical trials, their potential efficacy, safety and applicability remains unclear.
Interestingly, lithium, an old and well-established psychotropic medication for the treatment of bipolar disorder and an effective augmenting agent for TRD has also been shown to have modulatory effects on the glutamate system [15, [151] [152] [153] [154] . More specifically, lithium has been shown to alter glutamate uptake and glutamate receptor expression and function. The mechanism of action of lithium has never been fully understood, however, initial hypotheses related to increased serotonin neurotransmission. Currently, several other pathways have been implicated including the glutamate system, intracellular signaling via glycogen synthase kinase-3 (GSK-3) leading to increased BDNF and potential antiinflammatory effects [15, 151] . The multiple targets outside of the monoamine system may explain why lithium is such an effective augmenting agent in TRD and reinforce the importance of these novel pathways.
Opioid System
The primary therapeutic effect of analgesia from opiates has long been known and used to relieve pain since prehistoric times. The potent euphoric effects and high density of opioid receptors in the limbic brain areas point to a significant role of the opioid system in reward and mood regulation [155] . Opiates were also used to treat MDD until the early 1950s [156] . More recently, with the advent of long half-life mixed agonist/antagonist opiates that decrease the abuse and tolerance potential, modulation of opioid receptors for the treatment of MDD has been revisited [157] . Preclinical studies have pointed to a role of opioid mu, delta and kappa receptors (MORs, DORs and KORs) in the pathoetiology of MDD [157] . DOR agonists and KOR antagonists are currently being investigated for their role in TRD.
Animal models have shown that modulation of DOR, KOR and MOR may affect mood through several pathways including but not limited to alterations in monoamine and BDNF levels, neurogenesis and neuroplasticity, HPA axis stimulation and inflammatory pathways [157] . DOR agonists and KOR antagonists appear to favorably alter these systems (i.e. increase monoamine and BDNF levels and promote neuroplasticity) [158, 159] while the role of MOR is more unclear as MOR agonists appear to initially improve mood, however, chronic use may impair mood [157] . Interestingly, in patients with comorbid opiate addiction with MDD, some clinical observations suggest that chronic controlled opiate administration for maintenance therapy (stimulating primarily MOR) might increase the risk of TRD [157, 160] . Therefore, some investigators have proposed that while stimulating MOR (for maintenance therapy), coadministration of KOR antagonist and DOR agonists may serve to treat the comorbid MDD while not interfering with the treatment of the substance use disorder [157, 160] . With this high level of evidence from preclinical models in support of a role of the opioid system in the pathogenesis of MDD (further reviewed by Lutz [157] ), several agents are currently being investigated as novel treatments of TRD.
Buprenorphine, a partial MOR agonist and KOR antagonist, was shown to have some effect for a subgroup of TRD patients in a small open label trial [161] . Karp et al. has completed a double-blinded RCT of buprenorphine for TRD however results are currently unavailable (NCT01407575). LY2456302 is a specific KOR antagonist currently also being evaluated for TRD (NCT01913535). Taken together, targets of the opioid system are currently being evaluated. Preclinical data shows promise for KOR antagonists and DOR agonists. While the role of MOR in TRD remains unclear. Further preclinical and clinical studies are required 
D-cycloserine (glutamate)
D-cycloserine, is a broad spectrum antibiotic that acts as a partial agonist at the NMDAR-associated GLY site. Randomized placebo controlled trial of conventional therapy with adjuvant with D-cycloserine, (up to 1 g/day) versus conventional therapy with placebo (NCT00408031).
EVT 101 (glutamate)
EVT101 is an orally active NR2B subtype-selective NMDA receptor antagonist. This clinical trial has been completed, however, no results have been published yet (NCT01128452).
GLYX-13 (IV) (glutamate)
GLYX-13 is an intravenous NMDA receptor glycine-site functional partial agonist. Clinical trial for TRD has been completed however no results have been published yet (NCT01234558).
RO4917523 (glutamate)
Trial assessed treatment of TRD with RO4917523,a mGluR5 allosteric antagonist however no results have been published yet (NCT01437657).
Buprenorphine (opioid)
Karp et al. has completed a double-blinded RCT of buprenorphine for TRD however results are currently unavailable (NCT01407575).
LY2456302 (opioid)
LY2456302 is a specific KOR antagonist currently being trialed for TRD in a double-blinded, placebo-controlled, proof-of-concept (POC) trial (NCT01913535).
Metyrapone (HPA axis)
Metyrpaone was assessed for TRD in a double-blinded, placebo-controlled twenty four week trial, however results
have not yet been published (NCT01375920).
Oxytocin (HPA axis)
Intranasal oxytocin and tibolone are being trialed in a three-arm trial of oxytocin versus placebo versus oxytocin plus tibolone (NCT01239888).
Cysteamine (BDNF)
Cysteamine is a FDA approved agent for nephropathic cystinosis. It increases BDNF in the brain and promotes neuronal growth. Clinical trial for TRD has been terminated with no results available (NCT00715559).
Scopolamine + Ketamine (glutamate and muscarinic)
A combination intravenous injection of scopolamine with ketamine for TRD is currently being investigated in an open label trial (NCT01613820).
to determine the mechanism of action, safety of use and efficacy in TRD patients.
Cholinergic System
Janowsky (1972) conceived the "cholinergic-adrenergic hypothesis" of mood disorders several decades ago [162] . Briefly, the hypothesis supposed that an imbalanced increase in the parasympathetic (cholinergic) or sympathetic (adrenergic) systems could lead to depressive or manic symptoms, respectively. In recent years this theory has been revisited, most notably with the use of anti-cholinergic agents for the treatment of MDD [163] . Promising results in the treatment of MDD has led to further trials using anticholinergic agents for TRD [164] . The anticholinergic biperiden was shown in 1981 to induce significant improvement in a small open label study of TRD inpatients (n=10) [164] . More recently, anti-cholinergics including scopolamine, mecamylamine and varenicline have been and continue to be investigated.
Scopolamine is an anti-muscarinic agent that has also been shown to potentially modulate the glutamate system [165, 166] . Notably, animal models have shown the antimuscarinic effects of scopolamine may decrease NMDAR gene expression, thereby having a similar downstream effect as ketamine and preventing glutamate mediated neurotoxicity [165] . Further, scopolamine was shown to induce the mTOR pathway with a similar magnitude and timing of ketamine leading to an increase in BDNF [165] . Anti-inflammatory and anti-oxidant effects of scopolamine have also been suspected [165] . Therefore, scopolamine may exert anti-depressant effects through several novel pathways.
Scopolamine was initially evaluated for its effect on cognition during which profound mood improvement was noted [165] . It was therefore evaluated in a double-blinded RCT showing a rapid and robust anti-depressant effect of intravenous scopolamine, as measured by improved depression ratings [167] . These results were replicated by a second RCT (n=23) [168] . Also of interest was the recent use of oral scopolamine as an augmenting agent for moderate to severe MDD. In this RCT, Khajavi et al. (2012) showed the safe and efficacious use of oral scopolamine, thus greatly increasing the feasibility of use in an outpatient setting [169] . Of note, a combination intravenous injection of scopolamine with ketamine for TRD is also currently being investigated in an open label trial (NCT01613820).
Antagonism of nicotinic acetylcholine receptors has also been shown in preclinical and clinical models to exert antidepressant effects [170] . Mecamylamine, a nicotinic antagonist was shown to be an efficacious augmenter of SSRIs for treatment of TRD in a small (n=23) eight-week RCT, showing significant improvement in HRDS scores compared to SSRI therapy alone [171] . As well, in a small open label trial with eighteen adult smokers with TRD, varenicline, another nicotinic antagonist, was shown to lower depression scores and facilitate smoking cessation [170, 172] .
CONCLUSION
The need for novel targets acting outside of the monoamine system is of great importance as rates of TRD are high while using monoamine modulators alone. Several pathways have been presented which may yield novel targets for TRD. Many of these pathways are connected as shown in Fig. 1 . For example, increased inflammation may lead to increased oxidative stress and over activity of the HPA axis, which has modulatory effects on the glutamate system, autonomic nervous system and monoamine system. Agents targeting each of these pathways were discussed. Of note, several of the agents discussed have been shown to affect multiple pathways directly and indirectly.
For many of the targets discussed, preclinical data is highly encouraging and informative of potential mechanisms underlying TRD. Clinical data for these agents is still greatly limited as many of the trials discussed were open label and/or had small numbers of participants. Therefore, the generalized clinical applicability in TRD remains uncertain. Further, the authors cannot recommend the clinical use of any of the agents discussed based on the evidence presented. Several clinical trials for these agents are currently underway and as such there is still hope for more definitive evidence in the near future in support for or against the targets discussed. Our review is narrative and this is an inherent limitation to our work. However, every effort was made to summarize available evidences from both preclinical studies as well as from both published and ongoing trials for TRD.
Another theme that emerged while reviewing the evidence for targets of the various pathways, was the importance of personalized medicine in TRD. Currently, algorithms for treatment of TRD are not personalized and are broadly applied to TRD patients, largely based on what agents have already been trialed. In using novel targets acting outside of the monoamine pathways, identifying the reason for TRD on an individual basis may allow correction of the specific cause of the TRD in the specific patient instead of simply using trial and error until an effective agent or combination of agents is found. The findings of Raison et al. [41] showing that infliximab had anti-depressant properties only for TRD patients with elevated inflammatory markers illustrated this concept. Therefore, the use of biomarkers to identify the dysfunctional pathway causing non-response to conventional therapies may inform which target is most likely to have success in a specific TRD patient. This form of treatment selection may also inform future clinical trials for TRD to more adequately choose a patient population of interest rather than grouping all TRD patients together purely based on poor treatment response to conventional therapies.
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